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Description
Technical Field

[0001] The presentinvention relates to a polypeptide,
more specifically, a polypeptide having an activity of de-
grading cellulose, which is useful for profitable utilization
of biomass. The present invention also relates to a gene
that is useful for producing said polypeptide by genetic
engineering.

Background Art

[0002] Cellulose is represented by (CgH4705),,. Mate-
rials containing cellulose as the main component are ex-
emplified by woods such as pines, cedars, beeches and
poplars; stalks and basts such as hemps, paper bushes,
rice straws, bagasse and chaff; seed downs such as cot-
ton; old papers such as newspapers, magazines and
corrugated cardboard waste papers; other fibrous
wastes; pulps, cellulose powder and the like. Recently,
old papers from offices are increasing.

[0003] A cellulose molecule has a structure in which
D-glucopyranose is connected though -1,4 bonds and
has no side chain. Thus, cellulose is composed of glu-
cose, which can be used as a raw material in alcohol
fermentation. If cellulose could be degraded into glu-
cose, it would be possible to produce alcohol, which is
useful as a fuel and the like, from old papers or fibrous
wastes.

[0004] Hydrolysis of cellulose into glucose by an acid
method or an enzymatic method has been conducted
as a method for degrading (saccharifying) cellulose. In
the acid method, cellulose is contacted with hydrochloric
acid or sulfuric acid to violently degrade a mass of fibers.
Since it is difficult to appropriately determine the hydrol-
ysis conditions, the resulting glucose may further react
in the presence of a strong acid. Thus, the acid method
has a problem of difficulty in recovering glucose with a
high yield and the like. Therefore, the acid method is not
utilized practically now. To the contrary, the enzymatic
method using a cellulose hydrolase has high reaction
selectivity and is advantageous in view of environmental
protection. Thus, the enzymatic method has become the
mainstream of hydrolysis methods. Various methods
have been reported [Wood, B.E., et al., Biothechnology
Progress, 13:223-237 (1997); United States Patent No.
5,508,183; Zhao Xin, et al., Enzyme Microbial Technol-
ogy, 15:62-65 (1993), etc.].

[0005] Cellulose hydrolases are exemplified by en-
doglucanase (EC 3.2.1.4), p-D-glucosidase (EC
3.2.1.21), exo-1,4-B-D-glucosidase (EC 3.2.1.74) and
cellobiohydrolase (EC 3.2.1.91). The recommended
name of endoglucanase is cellulase, and the systematic
name is 1,4-(1,3,1,4)--D- glucan 3(4)-glucanohydrola-
se.

[0006] A mixture consisting of endoglucanase, B-D-
glucosidase, exo-1,4-3-D-glucosidase, cellobiohydrola-
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se and the like is usually used for hydrolyzing cellulose.
Such enzymes cooperatively act on cellulose to de-
grade it into glucose. Several theories are known for the
mode of action. Murao et al. has proposed the following
model. First, cleavages are introduced into the non-
crystalline regions of cellulose by the action of endoglu-
canase. Cellobiohydrolase acts on the gaps while de-
stroying the crystal. Oligosaccharides are produced by
the action of endoglucanase and cellobiohydrolase. The
oligosaccharides are degraded by the action of -D-glu-
cosidase to generate glucose [Sawao Murao et al, "Cel-
lulase", pp. 102-104, Kodansha (May 10, 1987)].
[0007] Inmostcases, cellulose does not existas a sin-
gle cellulose chain. A structure in which many cellulose
chains are assembled through hydrogen bond is
formed. In this structure, there are crystalline regions in
which a number of cellulose chains are densely clus-
tered and non-crystalline regions in which cellulose
chains are sparsely placed. The rate-determining step
in a hydrolysis reaction by an enzymatic method is a
step of separating and dispersing many cellulose chains
in the crystalline regions. Accordingly, conducting a re-
action for enzymatic degradation at a high temperature
has the following advantages: (1) the reaction proceeds
efficiently since cellulose crystals are readily destroyed;
(2) risk of contamination with miscellaneous bacteria is
little; and (3) cooling prior to an enzymatic reaction is
not required in a industrial process which requires heat-
ing.

[0008] [-D-glucosidase from Pyrococcus furiosus, 3
D-glucosidase from Thermococcus sp., endoglucanase
and B-D-glucosidase from Thermotoga maritima, en-
doglucanase and B-D-glucosidase from Thermotoga
neapolitana and the like are known as cellulose hydro-
lases from extreme thermophiles [Bauer, et al., Current
Opinion in Biotechnology, 9:141-145 (1998)]. Cloning of
B-D-glucosidase gene from an extreme thermophile is
described, for example, in United States Patent No.
5,744,345. Cloning of endoglucanase gene from an ex-
treme thermophile is described, for example, in WO
97/44361.

[0009] Cellobiohydrolase has been isolated from a
thermophilic bacterium, Thermotoga sp. FjSS-B.1 [Rut-
tersmith, et al., Biochemical Journal, 277:887-890
(1991)]. Since the inhibition constant (Ki) of this enzyme
for cellobiose is low (0.2 mM), the enzyme is liable to
product inhibition. The specific activity using 4-methyl-
umbelliferyl-B-D-cellobioside as a substrate is 3.6 U/mg.
Furthermore, since the bacterium should be cultured at
a high temperature under anaerobic conditions, it is dif-
ficult to industrially produce the enzyme in large quan-
tities. Additionally, since a gene encoding the enzyme
has not been cloned, the enzyme cannot be produced
by genetic engineering.

Objects of Invention

[0010] The main object of the present invention is to
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provide cellobiohydrolase having a high inhibition con-
stant for cellobiose and heat resistance, as well as
means to produce said cellobiohydrolase at low cost.

Summary of Invention

[0011] The nucleotide sequence of the entire Pyro-
coccus horikoshii OT3 genomic DNA has been deter-
mined [Kawarabayasi, et al., DNA Research, 5:55-76
(1998); Kawarabayasi, et al., DNA Research, 5:147-155
(1998)]. A list of proteins having homologies in amino
acid sequences with gene products deduced from the
respective open reading frames has been published (ht-
tp://lwww.bio.nite.go.jp/ot3db_index.html). Existence of
open reading frames encoding polypeptides such as o-
amylase, o-mannosidase, -D-galactosidase, 3-D-glu-
cosidase, B-D-mannosidase and endoglucanase in Py-
rococcus horikoshii OT3 genome has been predicted
based on the comparison of homologies with nucleic ac-
ids encoding known cellulose hydrolases in this list.
However, existence of an open reading frame having a
homology with a nucleic acid encoding a known cellobi-
ohydrolase has not been predicted.

[0012] As a result of intensive studies, the present in-
ventors have found that there exists an open reading
frame (PH1171) in Pyrococcus horikoshii OT3 genome
which encodes a polypeptide having a cellobiohydrola-
se activity. Unexpectedly, it proved that the polypeptide
having the amino acid sequence encoded by the open
reading frame has a cellobiohydrolase activity although
it has a homology with various endoglucanases includ-
ing endoglucanase from an archaebacterium AEPIlla.
Furthermore, the present inventors have established a
method for producing the polypeptide by genetic engi-
neering. Thus, the present invention has been complet-
ed.
[0013] The present invention provides the following.
(1) a polypeptide having the amino acid sequence
of SEQ ID NO:1 or an amino acid sequence in which
one or more amino acid residue is deleted, added,
inserted and/or substituted in the amino acid se-
quence of SEQ ID NO:1 and having a cellobiohy-
drolase activity;

(2) the polypeptide according to (1) above, which
has a thermostable cellobiohydrolase activity;

(3) a nucleic acid encoding the polypeptide accord-
ing to (1) or (2) above;

(4) the nucleic acid according to (3) above, which
has the nucleotide sequence of SEQ ID NO:2;

(5) a nucleic acid encoding a polypeptide having a
cellobiohydrolase activity which is capable of hy-
bridizing to the nucleic acid according to (3) above
under stringent conditions;

(6) the nucleic acid according to (5) above, which
encodes a polypeptide having a thermostable cel-
lobiohydrolase activity;

(7) a recombinant DNA containing the nucleic acid
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according to any one of (3) to (6) above;

(8) a transformant transformed with the recom-
binant DNA according to (7) above;

(9) a method for producing the polypeptide accord-
ing to (1) above, the method comprising culturing
the transformant according to (8) above and collect-
ing a polypeptide having a cellobiohydrolase activ-
ity from the culture;

(10) a method for degrading a polymer of D-glucop-
yranose bonded through B-1,4 bonds, the method
comprising allowing the polypeptide according to
(1) above to act on a polymer of D-glucopyranose
bonded through B-1,4 bonds to release cellobiose;
(11) a polypeptide having a cellobiohydrolase activ-
ity and having an inhibition constant Ki of 10 mM or
more for cellobiose; and

(12) the polypeptide according to (11) above, which
retains 20% or more of the cellobiohydrolase activ-
ity after treatment at 95°C for 5 hours.

Brief Description of Drawings
[0014]

Figure 1: a figure which illustrates the relationship
between the CMC-degrading activity of the
polypeptide of the present invention and the reac-
tion pH.

Figure 2: a figure which illustrates the relationship
between the CMC-degrading activity of the
polypeptide of the present invention and the reac-
tion temperature.

Figure 3: a figure which illustrates the effect of the
concentration of NaCl in the reaction mixture on the
CMC-degrading activity of the polypeptide of the
present invention.

Figure 4: a figure which illustrates the relationship
between the treatment pH and the CMC-degrading
activity of the polypeptide of the present invention
when the polypeptide was heated at 95°C for 10
minutes.

Figure 5: a figure which illustrates the relationship
between the treatment time and the CMC-degrad-
ing activity of the polypeptide of the present inven-
tion when the polypeptide was heated at 95°C.
Figure 6: a figure which illustrate the relationship
between the pNPC-degrading activity of the
polypeptide of the presentinvention and the amount
of the polypeptide of the present invention.

Figure 7: a figure which illustrates the effects of the
various reagents on the pNPC-degrading activity of
the polypeptide of the present invention.

Detailed Description of the Invention
1. The polypeptide of the present invention

[0015] The polypeptide of the present invention is
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characterized by having the amino acid sequence of
SEQ ID NO:1 or an amino acid sequence in which one
or more amino acid residue is deleted, added, inserted
and/or substituted in the amino acid sequence of SEQ
ID NO:1 and having a cellobiohydrolase activity.
[0016] As used herein, a cellobiohydrolase activity
means an activity that hydrolyzes a glucoside bond in a
polysaccharide or an oligosaccharide consisting of D-
glucose bonded through B-1,4 bonds to release cellobi-
ose, a disaccharide in which D-glucose is bonded
through a B-1,4 bond, but does not hydrolyze the gluco-
side bond in cellobiose. A method for measuring the cel-
lobiohydrolase activity is exemplified by a known meth-
od in which an enzymatic reaction is carried out using
phosphoric acid-swollen cellulose as a substrate and
the existence of cellobiose in the reaction is confirmed
by thin-layer silica gel chromatography.

[0017] The polypeptide of the preset invention has a
cellobiohydrolase activity. The polypeptide may have
other glycosidase activities such as an endoglucanase
activity and a B-D-glucosidase activity.

[0018] In one embodiment, the polypeptide of the
present invention is characterized by having a ther-
mostable cellobiohydrolase activity.

[0019] As used herein, "heat resistance" means that
a polypeptide has an enzymatic activity which is not ir-
reversibly denatured (inactivated) when it is incubated
under high temperature conditions in an industrial proc-
ess for producing alcohol from biomass for a time re-
quired to degrade cellulose. As used herein, irreversible
denaturation means permanent and complete loss of an
enzymatic activity. Hereinafter, a cellobiohydrolase ac-
tivity with heat resistance is referred to as a thermosta-
ble cellobiohydrolase activity. Although it is not intended
to limit the present invention, the polypeptide having the
amino acid sequence of SEQ ID NO:1 retains 80% or
more of the cellobiohydrolase activity after treatment at
75°C for 20 minutes, at 95°C for 10 minutes, or at 95°C
for 5 hours. Furthermore, the polypeptide exhibits a cel-
lobiohydrolase activity under high temperature condi-
tions such as 90°C or higher, or 100°C or higher. The
polypeptide of the present invention which has a ther-
mostable cellobiohydrolase activity retains preferably
20% or more, more preferably 40% or more, most pref-
erably 80% or more of the cellobiohydrolase activity af-
ter treatment at 95°C for 5 hours.

[0020] The polypeptide having the amino acid se-
quence of SEQ ID NO:1 as an example of the polypep-
tide of the present invention has an activity of generating
cellobiose from phosphoric acid-swollen cellulose or
cellooligosaccharide, for example. The optimal pH for
the thermostable cellobiohydrolase activity of the
polypeptide is 5 to 6.5. The polypeptide exhibits a ther-
mostable cellobiohydrolase activity at 65°C to 113°C.
The optimal temperature is about 110°C. The polypep-
tide has high heat resistance. It retains about 90% of the
activity after heating in the presence of a substrate at
pH 6 at 95°C for 5 hours. About 80% of the activity re-
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mains after heating for additional 24 hours. The activity
is not decreased when the polypeptide is heated in the
absence of a substrate at 95°C for 10 minutes at pH 5
to 7. When the cellobiohydrolase activity of the purified
polypeptide is measured using 4-methylumbelliferyl-3-
D-cellobioside as a substrate in a reaction at 98°C at pH
6.0 for 20 minutes, the specific activity is 17.0 U/mg.
[0021] The polypeptide can act on carboxymethylcel-
lulose (CMC) or cellooligosaccharide. The cellobiohy-
drolase activity of the polypeptide can also be measured
using the amount of reducing end of sugar as an index,
which reducing end is generated using CMC or celloo-
ligosaccharide as a substrate. The polypeptide also acts
on a chromophoric substrate such as p-nitrophenyl-§3-
D-cellobioside or a fluorescent substrate such as
4-methylumbelliferyl-3-D-cellobioside. Thus, the cello-
biohydrolase activity of the polypeptide can be conven-
iently measured by measuring the amount of a chromo-
phoric or fluorescent substance generated by the reac-
tion.

[0022] The polypeptide exhibits the maximal ther-
mostable cellobiohydrolase activity in the presence of
0.5to 1.0 M NaCl. In the absence of NaCl, the polypep-
tide exhibits about 80% of the activity that exhibited in
the presence of 0.5 M NaCl. In the presence of 2.5 M
NaCl, the polypeptide exhibits about 60% of the activity
that exhibited in the presence of 0.5 M NaCl. Thus, the
effect of the NaCl concentration on the thermostable cel-
lobiohydrolase activity is little.

[0023] In one embodiment, inhibition of the cellobio-
hydrolase activity of the polypeptide of the present in-
vention by a reaction product such as cellobiose or glu-
cose is little. The inhibition constant (Ki) of the polypep-
tide for cellobiose is preferably 10 mM or more, more
preferably 30 mM or more, most preferably 100 mM or
more. For example, the inhibition constant (Ki) of the
polypeptide of the present invention having the amino
acid sequence of SEQ ID NO:1 for cellobiose is 212 mM.
No polypeptide having such a high inhibition constant
for cellobiose was known prior to the present invention.
Almost no inhibition of the activity by glucose is ob-
served. Furthermore, the activity is inhibited by about
90% by 0.5 mM Fe3*, Cu2* or Zn2*, or by about 50% by
1 mM Co2*, Ca2*, Mg2* or ethylenediaminetetraacetic
acid as compared with the activity in the absence of such
reagent. Almost no inhibition of the activity by 10 mM
dithiothreitol is observed.

[0024] The polypeptide of the present invention in-
cludes a polypeptide having an amino acid sequence in
which one or more amino acid residue is deleted, added,
inserted and/or substituted in the amino acid sequence
of SEQID NO:1 as long as it exhibits a cellobiohydrolase
activity.

[0025] A mutation such as deletion, insertion, addition
or substitution of an amino acid in an amino acid se-
quence may be generated in a naturally occurring pro-
tein. Such mutation may be generated due to a polymor-
phism or a mutation of the DNA encoding the protein,
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or due to a modification of the protein in vivo or during
purification after synthesis. However, it is known that
such a mutated protein may exhibit physiological and
biological activities substantially equivalent to those of
a protein without a mutation if such a mutation is present
in a portion that is not important for the retention of the
activity or the structure of the protein.

[0026] This is applicable to a protein in which such a
mutation is artificially introduced into an amino acid se-
quence of a protein. In this case, it is possible to gener-
ate more various mutations. For example, it is known
that a polypeptide in which a cysteine residue in the ami-
no acid sequence of human interleukin-2 (IL-2) is sub-
stituted with a serine retains the interleukin-2 activity
(Science, 224:1431 (1984)).

[0027] Furthermore, it is known that certain proteins
have peptide regions that are not indispensable to their
activities. Such peptide regions are exemplified by a sig-
nal peptide in a protein to be secreted extracellularly or
a prosequence found in a precursor of a protease. Most
of such regions are removed after translation or upon
conversion into an active protein. Such a protein has a
primary structure different from that of a protein without
the region to be removed, but finally exhibits an equiv-
alent function. The amino acid sequence of SEQ ID NO:
1 is a sequence in which a signal region of 28 amino
acid residues at the N-terminus is removed from the
amino acid sequence of SEQ ID NO:5. A nucleic acid
having a nucleotide sequence of SEQ ID NO:6 encodes
a polypeptide having the amino acid sequence of SEQ
ID NO:5. When Escherichia coli harboring a vector con-
taining this nucleic acid is cultured, the signal peptide
region is removed from the expressed polypeptide, and
the polypeptide having the amino acid sequence of SEQ
ID NO:1 is produced.

[0028] When a protein is produced by genetic engi-
neering, a peptide chain that is irrelevant to the activity
of the protein of interest may be added at the amino ter-
minus or the carboxyl terminus of the protein. For ex-
ample, a fusion protein, in which a portion of an amino
terminus region of a protein that is expressed at a high
level in the host to be used is added at the amino termi-
nus, may be prepared in order to increase the expres-
sion level of the protein of interest. Alternatively, a pep-
tide having an affinity with a specific substance may be
added at the amino terminus or the carboxyl terminus
of the protein of interest in order to facilitate the purifi-
cation of the expressed protein. The added peptide may
remain added if it does not have a harmful influence on
the activity of the protein of interest. If necessary, it may
be engineered such that it can be removed from the pro-
tein of interest by appropriate treatment, for example,
by limited digestion with a protease.

[0029] Thus, a polypeptide having an amino acid se-
quence in which one or more amino acid residue is de-
leted, inserted, added and/or substituted in the amino
acid sequence disclosed herein (SEQ ID NO:1) is en-
compassed by the present invention as long as it has a
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cellobiohydrolase activity. Preferably, such a polypep-
tide has a thermostable cellobiohydrolase activity and a
high inhibition constant for cellobiose.

[0030] The polypeptide of the present invention can
be produced, for example, by (1) purification from a cul-
ture of a microorganism producing the polypeptide of the
present invention, or (2) purification from a culture of a
transformant containing a nucleic acid encoding the
polypeptide of the present invention.

(1) Purification from. culture of microorganism pro-
ducing the polypeptide of the present invention

The microorganism producing the polypeptide
of the present invention is exemplified by Pyrococ-
cus horikoshii OT3 (JCM9974) which can be pur-
chased from Riken (the Institute of Physical and
Chemical Research).

The microorganism is cultured under condi-
tions suitable for the growth of the microorganism.
Preferably, culture conditions which increase the
expression level of the polypeptide of interest are
used. The polypeptide of interest produced in the
cells or the culture can be purified according to a
method conventionally used for purifying a protein.

A method conventionally used for culturing a
hyperthermophile can be utilized for the cultivation
of the above-mentioned bacterial strain. Nutrients
which can be utilized by the bacterial strain are add-
ed to the culture medium. For example, starch can
be utilized as a carbon source, and Tryptone, pep-
tone and yeast extract can be utilized as a nitrogen
source. A metal salt such as a magnesium salt, a
sodium salt or an iron salt may be added to a culture
medium as a trace element. In addition, it may be
advantageous to use artificial seawater for the prep-
aration of a culture medium, for example. A clear
culture medium which does not contain solid sulfur
is desirable. By using such a culture medium, the
growth of cells can be readily monitored by meas-
uring the turbidity of the culture.

The culture may be a standing culture or a spin-
ner culture. For example, a dialysis culture method
as described in Applied and Environmental Micro-
biology, 55:2086-2088 (1992) may be used. In gen-
eral, the culture temperature is preferably about
95°C. Usually, a significant amount of a polypeptide
is accumulated in the culture after culturing for
about 16 hours. Itis preferable to determine the cul-
ture conditions depending on the cell or the compo-
sition of the culture medium to be used such that
the productivity of the polypeptide becomes maxi-
mal.

A cell-free extract is first prepared in order to
obtain a polypeptide. The cell-free extract can be
prepared, for example, by collecting cells from a cul-
ture by centrifugation, filtration or the like and then
disrupting the cells. A cell disruption method highly
effective for extracting the enzyme of interest may
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be selected from sonication, disruption using
beads, treatment with a lytic enzyme, treatment with
a surfactant and the like. If the polypeptide is se-
creted into the culture, the polypeptide is concen-
trated by ammonium sulfate salting out, ultrafiltra-
tion or the like. The concentrated polypeptide is
used as a cell-free extract. A method conventionally
used for purifying a protein can be used to isolate
the polypeptide from the thus obtained cell-free ex-
tract. For example, ammonium sulfate salting out,
ion exchange chromatography, hydrophobic chro-
matography, gel filtration chromatography and the
like can be used in combination.

(2) Purification from culture of transformant trans-
formed with recombinant DNA containing nucleic
acid encoding the polypeptide of the present inven-
tion

[0031] An exemplary nucleotide sequence of a nucle-
ic acid encoding the polypeptide of the present invention
is shown in SEQ ID NO:2. The amino acid sequence of
the polypeptide of the presetinvention deduced from the
nucleotide sequence of SEQ ID NO:2 is shown in SEQ
ID NO:1. Thus, an exemplary amino acid sequence of
a polypeptide obtained according to the present inven-
tion is shown in SEQ ID NO:1.

[0032] The host to be transformed is not limited to
specific one and exemplified by Escherichia coli, Bacil-
lus subtilis, yeast and filamentous fungi.

[0033] Forexample, the polypeptide of the present in-
vention can be obtained using Escherichia coli BL21
(DE3) harboring pECEL211, a plasmid in which the DNA
of SEQ ID NO:6 is linked at downstream of T7 promoter.
The amino acid sequence of the polypeptide of the pre-
set invention deduced from the nucleotide sequence of
SEQID NO:6 is shown in SEQ ID NO:5. Escherichia coli
JM109 transformed with pECEL211 is designated and
indicated as Escherichia coli JM109/pECEL211, and
deposited on December 11, 1998 at the National Insti-
tute of Bioscience and Human-Technology, Agency of
Industrial Science and Technology, Ministry of Interna-
tional Trade and Industry, 1-3, Higashi 1-chome, Tsuku-
ba-shi, Ibaraki-ken, Japan under accession number
FERM P-17075 and transmitted to international depos-
itary authority under Budapest Treaty on November 15,
1999 under accession number FERM BP-6939.

[0034] The polypeptide can be expressed in cultured
cells by culturing Escherichia coli BL21 (DE3) harboring
pECEL211 under conventional culture conditions, for
example, in LB medium (10 g/l Tryptone, 5g/l yeast ex-
tract, 5 g/l NaCl, pH 7.2) containing 100 ug/ml of ampi-
cillin at 37°C until logarithmic growth phase, adding iso-
propyl-B-D-thiogalactopyranoside at a final concentra-
tion of 0.1 mM thereto and further culturing at 15°C.
[0035] A supernatant prepared by collecting cells by
centrifugation after cultivation, disrupted the cells by
sonication and collecting a supernatant by centrifuga-
tion can be used as a cell-free extract. This cell-free ex-
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tract can be used for an enzymatic reaction. The
polypeptide of the present invention can be purified from
the cell-free extract by using known methods such as
ion exchange chromatography, gel filtration, hydropho-
bic chromatography and ammonium sulfate precipita-
tion. Naturally, a partially purified product can also be
used for an enzymatic reaction. Since the polypeptide
of the present invention expressed from Escherichia coli
BL21 (DE3) harboring pECE211 is highly thermostable,
the cultured cells and/or the cell-free extract may be
heated, for example, at 95°C for 10 minutes for purifi-
cation.

[0036] Alternatively, the polypeptide of the present in-
vention can be obtained using Bacillus subtilis DB104
harboring pNCEL101, a plasmid in which the DNA of
SEQ ID NO:2 is linked at downstream of the subtilisin
promoter, for example. Specifically, the polypeptide of
the present invention can be accumulated in a culture
by culturing Bacillus subtilis DB104 harboring
pNCEL101 under conventional culture conditions, for
example, in LB medium containing 10 pg/ml of kanamy-
cin at 37°C overnight. The polypeptide of the present
invention in the culture can be purified according to
known methods as described above for the production
using Escherichia coli as a host.

[0037] As described above, when the polypeptide of
the present invention is expressed at normal tempera-
ture (e.g., 37°C) using a nucleic acid encoding the
polypeptide, the resulting expression product retains the
activity, the heat resistance and the like. That is, the
polypeptide of the present invention can assume its in-
herent higher-order structure even if it is expressed at
a temperature quite different from the growth tempera-
ture of the original producer cell.

2. The nucleic acid of the present invention

[0038] The nucleic acid of the present invention is a
nucleic acid that encodes the polypeptide of the present
invention as described above. Specifically, it is exempli-
fied by (1) a nucleic acid encoding a polypeptide having
the amino acid sequence of SEQ ID NO:1 or an amino
acid sequence in which one or more amino acid residue
is deleted, added, inserted and/or substituted in the ami-
no acid sequence of SEQ ID NO:1 and having a cello-
biohydrolase activity; (2) a nucleic acid having the nu-
cleotide sequence of SEQ ID NO:2; and (3) a nucleic
acid encoding a polypeptide having a cellobiohydrolase
activity which is capable of hybridizing to the nucleic acid
of (1) or (2) above under stringent conditions.

[0039] As used herein, a nucleic acid means a single-
stranded or double-stranded DNA or RNA.

[0040] If the nucleic acid of (2) above is an RNA, it is
represented by a nucleotide sequence in which T is re-
placed by U in the nucleotide sequence of SEQ ID NO:2.
[0041] For example, the nucleic acid of the present
invention can be obtained as follows.

[0042] The nucleic acid of (2) above having the nucle-



11 EP 1 142 992 A1 12

otide sequence of SEQ ID NO:2 can be isolated from
Pyrococcus horikoshii OT3 (JCM9974, Riken) as de-
scribed above for the polypeptide of the present inven-
tion.

[0043] Furthermore, a nucleic acid encoding a
polypeptide having a cellobiohydrolase activity similar
to that of the polypeptide of the present invention can
be obtained on the basis of the nucleotide sequence of
the nucleic acid encoding the polypeptide provided by
the present invention. Specifically, a DNA encoding a
polypeptide having a cellobiohydrolase activity can be
screened by using the nucleic acid encoding the
polypeptide of the present invention or a portion of the
nucleotide sequence as a probe for hybridization or a
primer for a gene amplification method such as a PCR.
The nucleic acids of (1) and (3) above can be obtained
according to such a method.

[0044] A nucleic acid fragment containing only a por-
tion of the nucleic acid of interest may be obtained ac-
cording to the above-mentioned method. In this case,
the entire nucleic acid of interest can be obtained as fol-
lows. The nucleotide sequence of the obtained nucleic
acid fragment is determined to confirm that the fragment
is a portion of the nucleic acid of interest. Hybridization
is carried out using the nucleic acid fragment or a portion
thereof as a probe. Alternatively, a PCR is carried out
using a primer synthesized on the basis of the nucle-
otide sequence of the nucleic acid fragment. "Hybridize
under stringent conditions" refers to being capable of
hybridizing, for example, under the following conditions.
A membrane onto which a nucleic acid is immobilized
is incubated with a probe in 6 x SSC (1 x SSC: 0.15 M
NaCl, 0.015 M sodium citrate, pH 7.0) containing 0.5%
SDS, 0.1% bovine serum albumin (BSA), 0.1% polyvi-
nylpyrrolidone, 0.1% Ficoll 400 and 0.01% denatured
salmon sperm nucleic acid at 50°C for 12 to 20 hours.
After incubation, the membrane is washed in 2 x SSC
containing 0.5% SDS at 37°C while changing the SSC
concentration down to 0.1 x and the temperature up to
50°C until the signal from the immobilized nucleic acid
can be distinguished from background, and the probe is
then detected. The activity of the protein encoded by the
thus obtained novel nucleic acid is determined as de-
scribed above, thereby confirming whether or not the
nucleic acid is the nucleic acid of interest.

[0045] Furthermore, the nucleic acid is incorporated
into an appropriate expression vector or the like to con-
struct a recombinant DNA containing the nucleic acid of
the present invention. A transformant containing the re-
combinant DNA is then produced. The transformant can
be used to industrially produce the polypeptide.

[0046] As described above, a nucleotide sequence
which is not identical with the nucleotide sequence dis-
closed herein is encompassed by the present invention
as long as it encodes a polypeptide having a cellobio-
hydrolase activity.

[0047] Itis known thatone to six codon (a combination
of three bases), which defines an amino acid in a gene,
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is assigned for each amino acid. Thus, many nucleic ac-
ids can encode one specific amino acid sequence de-
pending on the amino acid sequence. Nucleic acids are
not stable in the nature. Generation of a mutation in a
nucleotide sequence is not unusual. A mutation gener-
ated in a nucleic acid may not alter the encoded amino
acid sequence (called as a silent mutation). In this case,
it can be said that a different nucleic acid encoding the
same amino acid sequence is generated. Thus, it can-
not be denied that various nucleic acids encoding the
same amino acid sequence can be generated in the
course of passage of an organism containing an isolated
nucleic acid encoding one specific amino acid se-
quence. Furthermore, it is not difficult to artificially pro-
duce various nucleic acids encoding the same amino
acid sequence using various means for genetic engi-
neering.

[0048] For example, if a codon used in an original nu-
cleic acid encoding a protein of interest is one whose
codon usage is low in the host to be used for producing
the protein by genetic engineering, the expression level
of the protein may be low. In this case, the codon is ar-
tificially converted into one frequently used in the host
without altering the encoded amino acid sequence aim-
ing at elevating the expression level of the protein of in-
terest (e.g., JP-B 7-102146). As described above, vari-
ous nucleic acids encoding one specific amino acid se-
quence can be artificially prepared, of course. They may
also be generated in the nature.

3. The method for degrading polymer of D-
glucopyranose bonded through B-1,4 bonds using the
polypeptide of the present invention

[0049] The polypeptide of the present invention can
be used to release cellobiose from a polymer of D-glu-
copyranose bonded through -1,4 bonds. The degree
of polymerization of glucose in the polymer of D-glucop-
yranose bonded through B-1,4 bonds is not specifically
limited in the present invention. The polymers include
cellotriose and cellulose. The polypeptide of the present
invention represented by SEQ ID NO:1 is highly ther-
mostable. Partially due to a synergistic effect with the
structural change of the substrate by heating, it can
more efficiently degrade cellulose.

[0050] Specifically, cellobiose can be released by re-
acting, for example, the polypeptide having the amino
acid sequence of SEQ ID NO:1 with a substrate in 50
mM MES-NaOH buffer (pH 6.0) at 98°C. Naturally, the
reaction conditions may vary depending on the type of
the substrate (cellulose, cellotetraose, etc.). The
polypeptide of the present invention may be added to a
substrate suspension in a free form. However, the
polypeptide is readily recovered after reaction if it is re-
acted with a substrate being immobilized onto an appro-
priate carrier.

[0051] Furthermore, itis possible to degrade cellulose
into D-glucose with high efficiency by using thermosta-
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ble endoglucanase, exo-1,4-B-D-glucosidase and -D-
glucosidase together with the polypeptide of the present
invention.

Examples

[0052] The following examples further illustrate the
present invention in detail but are not to be construed to
limit the scope thereof.

[0053] Among the procedures described herein, basic
procedures including preparation of plasmid DNAs and
restriction enzyme digestion were carried out as de-
scribed in T. Maniatis, et al. (eds.), Molecular Cloning:
A Laboratory Manual 2nd ed. (1989) Cold Spring Harbor
Laboratory. Unless otherwise stated, Escherichia coli
JM109 or HB101 were used as a host for the construc-
tion of plasmids using Escherichia coli and were cul-
tured aerobically at 37°C using LB medium (1% Tryp-
tone, 0.5% yeast extract, 0.5% NaCl, pH 7.0) containing
100 pg/ml of ampicillin or LB plate prepared by adding
agar at concentration of 1.5% to LB medium and solid-
ifying the resulting mixture.

Example 1

[0054] Construction of recombinant DNA containing
open reading frame PH1171 in Pyrococcus horikoshii
OT3 genome

(1) Preparation of DNA containing open reading
frame PH1171

An oligonucleotide 1171FN having the nucle-
otide sequence of SEQ ID NO:3 and an oligonucle-
otide 1171RA having the nucleotide sequence of
SEQ ID NO:4 were synthesized on the basis of the
nucleotide sequence of Pyrococcus horikoshii OT3
genome in order to obtain an about 1.6-kb amplified
DNA fragment containing the open reading frame
PH1171 by a PCR using Pyrococcus horikoshii OT3
genomic DNA as a template.

Pyrococcus horikoshii OT3 JCM9974 (pur-
chased from Riken) was cultured in a medium as
described in JCM catalog (Riken) at 95°C for 16
hours. A genomic DNA was purified from the cul-
tured cells.

A PCR was carried out using the oligonucle-
otides 1171FN and 1171RA as a primer pair and the
above-mentioned genomic DNA as atemplate in or-
der to obtain a DNA containing the open reading
frame PH1171. The PCR was carried out according
to the protocol attached to TaKaRa Ex Taq (Takara
Shuzo) as follows: 25 cycles of 94°C for 0.5 minute,
50°C for 2 minutes and 94°C for 1.5 minutes. The
PCR product was subjected to agarose gel electro-
phoresis. An amplified DNA fragment of about 1.6
kb was extracted and purified. Analysis of the nu-
cleotide sequence of the thus obtained DNA re-
vealed that the DNA contained the open reading
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frame PH1171.
(2) Construction of recombinant DNA pECEL101
The about 1.6-kb amplified DNA fragment ob-
tained in (1) above was digested with restriction en-
zymes Stul and Aval (both from Takara Shuzo),
blunt-ended with T4 DNA polymerase (Takara Shu-
z0) and subjected to agarose gel electrophoresis.
A DNA fragment of about 1.5 kb was then extracted
and purified. On the other hand, pET21a (Novagen)
was digested with a restriction enzyme BamHI
(Takara Shuzo), dephosphorylated with alkaline
phosphatase (Takara Shuzo) and blunt-ended with
T4 DNA polymerase. The two blunt-ended DNA
fragments were ligated using DNA ligase (Takara
Shuzo). The ligation mixture was used to transform
Escherichia coli JM109. Several transformants
were selected, and plasmid DNAs contained in the
respective transformants were purified. Restriction
enzyme maps were prepared for the plasmid DNAs
to select a plasmid DNA in which the open reading
frame PH1171 was inserted in the same direction
as that of T7 promoter in the vector. The selected
plasmid DNA was designated as pECEL101.
(3) Construction of recombinant DNA pECEL211
A recombinant DNA consisting of the about
1.6-kb amplified DNA fragment obtained in (1)
above and pET21d (Novagen) was prepared as fol-
lows.

[0055] The about 1.6-kb amplified DNA fragment ob-
tained in (1) above was digested with Aval, blunt-ended
with T4 DNA polymerase and digested with a restriction
enzyme Ncol (Takara Shuzo) such that the first codon
of PH1171 was operatively placed downstream from T7
promoter in pET21d. On the other hand, pET21d was
digested with BamHI, blunt-ended with T4 DNA
polymerase, digested with Ncol and dephosphorylated
with alkaline phosphatase.

[0056] The two DNA fragments treated as described
above were ligated using DNA ligase. The ligation mix-
ture was used to transform Escherichia coli JM109. Sev-
eral transformants were selected and cultured. Plasmid
DNAs contained in the respective transformants were
purified. Restriction enzyme maps were prepared for the
plasmid DNAs to select a plasmid DNA into which
PH1171 was inserted. The selected plasmid DNA was
designated as pECEL211. Escherichia coli JM109 har-
boring pECEL211 is designated as Escherichia coli
JM109/pECEL211, and deposited at the National Insti-
tute of Bioscience and Human-Technology, Agency of
Industrial Science and Technology under accession
number FERM BP-6939.

Example 2
[0057] Production of the polypeptide of the presentin-
vention
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(1) Expression of polypeptide

pECEL211 prepared in Example 1 (3) or
pET21d as a vector control was used to transform
Escherichia coliBL21 (DE3) (Novagen). Each of the
resulting transformants was separately inoculated
into 5 ml of LB medium containing 100 ug/ml of
ampicillin, and cultured aerobically at 37°C over-
night. The culture was inoculated into 5 ml of the
same fresh medium at a concentration of 1%, and
cultured aerobically at 37°C. When the turbidity
reached ODg, = 0.4 to 0.7, isopropyl-B-D-thioga-
lactopyranoside (IPTG, Takara Shuzo) was added
at a final concentration of 1 mM. The cells were fur-
ther cultured at 15°C overnight. After cultivation, the
cells were collected by centrifugation, suspended in
0.5 ml of 100 mM sodium citrate buffer (pH 5.0) and
disrupted by sonication. Supernatants recovered
after centrifugation were used as cell-free extracts.

When cellulose is degraded using a cellulose
hydrolase such as endoglucanase or cellobiohydro-
lase, reducing ends of glucose residues are newly
generated. Then, increase in the amount of reduc-
ing end in a unit reaction time was measured ac-
cording to the Park and Johnson method using car-
boxymethylcellulose (CMC) as a substrate in order
to confirm whether or not a polypeptide having an
activity of hydrolyzing cellulose which newly gener-
ates reducing ends of glucose residues existed in
the Escherichia coli extract.

A CMC solution was prepared by dissolving
CMC (Sigma) in 100 mM sodium citrate buffer (pH
5.0) at a concentration of 1%. 50 ul of the CMC so-
lution and 50 ul of a dilution of the cell-free extract
with 100 mM sodium citrate buffer (pH 5.0) were
mixed together, and the mixture was overlaid with
mineral oil. After incubation at 98°C for 60 minutes,
the mixture was centrifuged to recover an aqueous
layer. 10 ul of the reaction mixture, 90 ul of water,
100 ul of a carbonate cyanide solution and 100 pl
of 0.05% potassium ferricyanide aqueous solution
were mixed together and reacted for 15 minutes in
boiling water. The carbonate cyanide solution was
prepared by dissolving 5.3 g of sodium carbonate
and 0.65 g of potassium cyanide in 1 liter of water.
The reaction mixture was mixed with 500 ul of an
iron alum solution. The iron alum solution was pre-
pared by dissolving 1.5 g of iron alum and 1 g of
sodium lauryl sulfate (SDS) in 1 liter of 0.15 N sul-
furic acid. The resulting mixture was allowed to
stand at room temperature for 15 minutes. Absorb-
ance at 690 nm was then measured. The amount
of reducing end was determined as the amount of
corresponding glucose based on a calibration curve
prepared using glucose at a known concentration.

One unit (U) of a CMC-degrading activity is de-
fined as an activity that increases reducing power
corresponding to 1 umol of glucose in one minute
in the above-mentioned reaction system.
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The CMC-degrading activities of the respective
cell-free extracts determined as described above
are shown in Table 1. Table 1 is a table that shows
CMC-degrading activities at 98°C detected in the
cell-free extracts prepared as described above.

Table 1
Plasmid CMC-degrading activity (mU/ml)
pECEL211 64
pET21d 0

As shown in Table 1, a CMC-degrading activity
was clearly detected in the cell-free extract from Es-
cherichia coli transformed with pECEL211, whereas
no CMC-degrading activity was detected in the cell-
free extract from Escherichia coli transformed with
pET21d. Thus, it was demonstrated that the
polypeptide expressed from the open reading frame
PH1171 in Pyrococcus horikoshii OT3 genome had
an activity of hydrolyzing cellulose which newly gen-
erates reducing ends of glucose residues.

(2) Identification of activity of hydrolyzing cellulose
of expressed polypeptide

[0058] Before examining, an expressed polypeptide
solution was prepared as follows.

[0059] Escherichia coli BL21 (DE3) harboring
pECEL211 was inoculated into 10 ml of LB medium con-
taining 50 ug/ml of ampicillin and cultured at 37°C over-
night. The culture was inoculated into 1 liter of the same
medium and cultured at 37 °C for 2.5 hours. The culture
vessel was cooled on ice. IPTG at a final concentration
of 0.1 mM was added thereto. The cells were cultured
at 20°C overnight. The cells were collected by centrifu-
gation, suspended in 50 ml of 20 mM sodium phosphate
buffer (pH 7.0) and sonicated. A supernatant obtained
by centrifugation was treated at 95°C for 10 minutes and
then centrifuged to obtain a supernatant. The thus ob-
tained centrifuged supernatant was used as an ex-
pressed polypeptide solution in the subsequent experi-
ments.

[0060] The activity of hydrolyzing cellulose of the ex-
pressed polypeptide was identified as follows. Specifi-
cally, the expressed polypeptide solution was allowed
to act on various substrates. Products were then iden-
tified on thin-layer chromatography.

[0061] First, phosphoric acid-swollen cellulose was
used as a substrate. Phosphoric acid-swollen cellulose
was prepared as follows.

[0062] 2 g of Avicel SF (Asahi Kasei) was slowly add-
ed to 50 ml of ice-cold 85% phosphoric acid. The mixture
was stirred on ice while sonicating at intervals to dis-
solve Avicel SF. The solution was poured into 1.5 liter
of ice water. Cellulose gel was recovered by centrifuga-
tion. The cellulose gel was washed six times in water to
remove phosphoric acid and suspended in 40 ml of 0.1
M sodium citrate buffer (pH 5.0) and used as phosphoric
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acid-swollen cellulose in the subsequent experiments.
[0063] 75 pl of the expressed polypeptide solution
was added to 75 pl of the phosphoric acid-swollen cel-
lulose. The mixture was reacted at 98°C for 8 hours. 60
ul of acetonitrile was added to the equal volume of the
reaction mixture and mixed. A supernatant obtained by
centrifugation was evaporated under reduced pressure
to dryness. The residue was dissolved in 10 ul of water.
2 ul of the solution was subjected to silica gel thin-layer
chromatography. Two rounds of development were car-
ried out using silica gel 60F254 (Merck) as a thin-layer
plate and ethanol : butanol : water=5:5: 1 as asolvent
for development. Orcinol-sulfuric acid reagent was
sprayed onto the thin-layer plate after development and
the plate was heated using a hot plate to observe the
spots. The orcinol-sulfuric acid reagent was prepared
by dissolving 400 mg of orcinol (Sigma) in 22.8 ml of
sulfuric acid and adding water thereto to a total volume
of 200 ml.

[0064] As a result, generation of cellobiose was dem-
onstrated.

[0065] Second, various oligosaccharides were used
as substrates.

[0066] Oligosaccharide solutions were prepared by
dissolving cellobiose (Sigma), cellotriose, cellotetraose
or cellopentaose (the latter three from Seikagaku Cor-
poration) in 0.1 M MES-NaOH buffer (pH 6.0) at a con-
centration of 1% (w/v). 25 ul each of the oligosaccharide
solutions was added to 25 pl of a 10-, 50-or 250-fold
dilution of the expressed polypeptide solution with the
MES buffer. The mixtures were reacted at 98°C for 20
minutes. As controls, mixtures to which the MES buffer
was added in place of the diluted expressed polypeptide
solution or the oligosaccharide solution were reacted at
the same time. 1 ul of a supernatant obtained by cen-
trifugation after reaction was subjected to silica gel thin-
layer chromatography as described above for the case
where the phosphoric acid-swollen cellulose was used
as a substrate. Two rounds of development were carried
out when cellobiose, cellotriose or cellotetraose was
used as a substrate. Three rounds of development were
carried out when cellopentaose was used.

[0067] Spots for cellobiose, cellotriose, cellotetraose
and cellopentaose as substrates were detected for re-
actions without the addition of the expressed polypep-
tide solution. No spot was detected when a substrate
was not added to the reaction. When a reactions was
carried out with the addition of the expressed polypep-
tide solution and one of the substrates, substances
which resulted in spots with larger Rf values than that
for the intact substrate were generated from each of the
oligosaccharides except cellobiose. The amounts of the
substances were increased depending on the amount
of the expressed polypeptide solution added.

[0068] Reactions were carried out as described
above using oligosaccharides as substrates except that
the dilution rate of the expressed polypeptide solution
was 10 and the reaction time was 2 hours. Supernatants
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obtained by centrifuging the reaction mixtures were an-
alyzed on silica gel thin-layer chromatography as de-
scribed above.

[0069] As a result, the substrates other than cellobi-
ose were consumed almost completely. Cellotriose and
cellotetraose generated cellobiose. Cellopentaose gen-
erated cellotriose and cellobiose. The principal degra-
dation product was cellobiose for each of the respective
oligosaccharides as substrates.

[0070] These results demonstrate that the polypep-
tide expressed from the open reading frame PH1171 in
Pyrococcus horikoshii OT3 genome has a cellobiohy-
drolase activity.

Example 3

[0071] Physical and chemical properties of cellobio-
hydrolase activity of the polypeptide of the present in-
vention

[0072] The polypeptide solution of the present inven-
tion prepared in Example 2-(2) was used in this Exam-
ple. Cellobiohydrolase activities were determined as the
following activities: 1) a CMC-degrading activity deter-
mined by measuring the amount of cellobiose, which
was generated using CMC as a substrate, as the
amount of reducing sugar according to the Park and
Johnson method; 2) a p-nitrophenyl-3-D-cellobioside
(pPNPC)-degrading activity determined by measuring the
amount of cellobiose, which was generated using pNPC
as a substrate, as the amount of p-nitrophenol; or 3) a
4-methylumbelliferyl-B-D-cellobioside (4-MUC)-de-
grading activity determined by measuring the amount of
cellobiose, which was generated using 4-MUC as a sub-
strate, as the amount of 4-methylumbelliferone (4-MU).

(1) Dependency upon reaction pH

The following buffers were prepared. 0.2 M so-
dium citrate buffers at pH 2.8, 3.8,4.90r6.0,0.2 M
MES-NaOH buffers at pH 4.6, 5.50r 6.5,0.2 M Tris-
HCI buffers at pH 5.6, 6.6 or 7.7 and 0.2 M glycine-
NaOH buffers at pH 7.7, 8.7 or 9.8. pH was meas-
ured at 80°C.

50 pl of a 50-fold dilution of the polypeptide so-
lution of the present invention with water, 25 pl of a
2% CMC aqueous solution and 25 pl of one of the
above-mentioned buffers were mixed together. The
mixture was reacted at 98°C for 20 minutes. The
amount of reducing sugar contained in a superna-
tant obtained by centrifuging the reaction mixture
was measured according to the Park and Johnson
method, and the CMC-degrading activity was cal-
culated.

The results are shown in Figure 1. Figure 1 il-
lustrates the relationship between the reaction pH
and the CMC-degrading activity. The horizontal axis
represents the pH and the vertical axis represents
the CMC-degrading activity (relative value, %).
Open circles (O), closed circles (@) , open squares
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(0O) and closed squares (M) represent the results for
sodium citrate buffers, MES-NaOH buffers, Tris-
HCl buffers and glycine-NaOH buffers, respectively.

The polypeptide of the present invention exhib-
ited the maximal activity at pH 4.9 to 6.5.

(2) Dependency upon reaction temperature

50 ul of 1% CMC solution in 0.1 M MES-NaOH
buffer (pH 6.0) was added to 50 pul of a dilution of
the polypeptide solution of the present invention
with 0.1 M MES-NaOH buffer (pH 6.0). The mixture
was reacted at 37, 65, 98, 108 or 113°C for 20 min-
utes. The amount of generated reducing sugar was
measured according to the Park and Johnson meth-
od to determine the CMC-degrading activity.

The results are shown in Figure 2. Figure 2 il-
lustrates the relationship between the reaction tem-
perature and the CMC-degrading activity of the
polypeptide of the present invention. The horizontal
axis represents the temperature (°C) and the verti-
cal axis represents the CMC-degrading activity (rel-
ative value, %).

The polypeptide of the present invention exhib-
ited the maximal CMC-degrading activity at 108°C,
about 80% of the maximal activity at 90°C and
about 60% of the maximal activity at 80°C.

(3) Effect of salt concentration

The polypeptide solution of the present inven-
tion was diluted 50-fold with water or 1, 2, 3, 4 or 5
M NaCl. 50 ul of 1% CMC solution in 0.1 M MES-
NaOH buffer (pH 6.0) was added to 50 pl of one of
the dilution of the polypeptide solution of the present
invention. The mixture was reacted at 98°C for 20
minutes. The amount of the generated reducing
sugar was measured according to the Park and
Johnson method to determine the CMC-degrading
activity.

The results are shown in Figure 3. Figure 3 il-
lustrates the relationship between the NaCl concen-
tration and the CMC-degrading activity of the
polypeptide of the present invention. The horizontal
axis represents the NaCl concentration (M) and the
vertical axis represents the CMC-degrading activity
(relative value, %).

The polypeptide of the present invention exhib-
ited the maximal CMC-degrading activity in the
presence of 0.5 to 0.6 M NaCl.

(4) pH stability

25 ul of the polypeptide solution of the present
invention and 25 pl of one of the buffers prepared
in Example 3-(1) were mixed together. The mixture
was heated at 95°C for 10 minutes. 50 ul of 1%
CMC solution in 0.1 M MES-NaOH buffer (pH 6.0)
was added to 50 ul of a 50-fold dilution of the heated
mixture with water. The mixture was reacted at 98°C
for 20 minutes. The amount of reducing sugar con-
tained in a supernatant obtained by centrifuging the
reaction mixture was measured according to the
Park and Johnson method, and the CMC-degrading
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activity was calculated.

The results are shown in Figure 4. Figure 4 il-
lustrates the relationship between the pH and the
remaining CMC-degrading activity when the
polypeptide was heated at 95°C for 10 minutes. The
horizontal axis represents the pH upon heating and
the vertical axis represents the remaining CMC-de-
grading activity (U/ml). Open circles (O), closed cir-
cles (@), open squares (CJ)) and closed squares (H)
represent the results for sodium citrate buffers,
MES-NaOH buffers, Tris-HCI buffers and glycine-
NaOH buffers, respectively.

The CMC-degrading activity of the polypeptide
of the present invention exhibited the maximal sta-
bility at pH 5to 7.

(5) Heat stability

CMC was dissolved in 0.1 M MES-NaOH buffer
(pH 6.0) to prepare a 1% CMC solution (pH 6.0). 50
ul of the MES buffer was added to 50 pl of the
polypeptide solution of the present invention. The
mixture was heated at 95°C for 0, 1, 5 or 24 hours.
50 pl of the 1% CMC solution was added to 50 pl of
a 50-, 200- or 500-fold dilution of a supernatant ob-
tained by centrifuging the heated mixture with the
MES buffer. The mixture was reacted at 98°C for 20
minutes. The amount of reducing sugar contained
in the reaction mixture was measured according to
the Park and Johnson method to determine the
CMC-degrading activity.

The results are shown in Figure 5. Figure 5 il-
lustrates the relationship between the heat-treat-
ment time and the remaining activity after heating.
The horizontal axis represents the heat-treatment
time (hour) and the vertical axis represents the re-
maining activity (%) after heating.

The polypeptide of the present invention re-
tained about 90% of the CMC-degrading activity af-
ter heating at 95°C for 24 hours.

(6) Degrading activity on synthetic substrate

50 ul of 10 mM pNPC solution in 0.1 M MES-
NaOH buffer (pH 6.0) was added to 50 pl of the
polypeptide solution of the presentinvention or a 2-,
5- 10- or 20-fold dilution thereof with 0.1 M MES-
NaOH buffer (pH 6.0). The mixture was reacted at
98°C for 20 minutes. Absorbance at 405 nm of a
supernatant obtained by centrifugation was meas-
ured to determine the pNPC-degrading activity
based on the amount of released p-nitrophenol
(PNP).

The results are shown in Figure 6. Figure 6 il-
lustrate the relationship between the dilution rate of
the polypeptide solution of the present invention
and the pNPC-degrading activity of each dilution.
The horizontal axis represents the reciprocal of the
dilution rate and the vertical axis represents the pN-
PC-degrading activity (mU/ml).

The pNPC-degrading activity was increased
depending on the concentration of the polypeptide
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solution of the present invention.
(7) Inhibition by glucose and cellobiose

50 mM MES-NaOH buffer (pH 6.0) containing
0, 10, 20, 50, 100 or 200 mM glucose or 0, 5, 10,
25 or 50 mM cellobiose, 0.4, 0.8, 1.2 or 1.6 mM pN-
PC and the polypeptide solution of the present in-
vention was reacted at 98°C for 20 minutes and ab-
sorbance at 405 nm was measured. The reciprocal
of the absorbance at 405 nm (vertical axis) was plot-
ted versus the concentration of glucose or cellobi-
ose (horizontal axis). An intersecting point of the
lines obtained by linking the points for the respec-
tive pNPC concentrations was determined. An inhi-
bition constant Ki was determined by reversing the
plus or minus sign of the value of the intersecting
point on the horizontal axis.

Since the inhibition of the pNPC-degrading ac-
tivity of the polypeptide of the present invention by
glucose was little, it was impossible to calculate Ki.
On the other hand, Ki for cellobiose was 212 mM.
(8) Effects of various reagents

50 mM MES-NaOH buffer (pH 6.0) containing
0, 0.5, 1, 2 or 10 mM CoCl,, CuCl,, CaCl,, FeCls,
ZnCl,, MgCl,, dithiothreitol (DTT) or ethylenediami-
netetraacetic acid (EDTA), 5 mM p-nitrophenyl-3-D-
cellobioside (pNPC, Sigma) and the polypeptide so-
lution of the present invention was reacted at 98°C
for 20 minutes and absorbance at 405 nm was
measured. The pNPC-degrading activity was calcu-
lated using a calibration curve that represents the
relationship between the p-nitrophenol (pNP) con-
centration and the absorbance at 405 nm. 1 unit (U)
of the pNPC-degrading activity of the polypeptide
of the present invention is defined as an amount
which releases 1 umol of pNP in 1 minute in the
above-mentioned reaction mixture.

The results are shown in Figure 7. Figure 7 il-
lustrates the relationship between the various rea-
gents and the pNPC-degrading activity. The hori-
zontal axis represents the concentration of the rea-
gent (mM) and the vertical axis represents the pN-
PC-degrading activity (relative value, %). In Figure
7, open circles (O), closed circles (®), open
squares (0), closed squares (M), open triangles (A),
closed triangles (A), open diamonds (¢) and closed
diamonds () represent the results for CoCly,
CuCl,, CaCl,, FeCls, ZnCl,, MgCl,, DTT and EDTA,
respectively.

The pNPC-degrading activity of the polypeptide
of the present invention was not inhibited by DTT.
About 90% of the activity was inhibited by Cu2*,
Fe3* or Zn2+ at a concentration of 0.5 mM. About
50% of the activity was inhibited by Co2*, Ca2*,
Mg2* or EDTA at a concentration of 1 mM.

(9) Purification of the polypeptide of the present in-
vention

An expressed polypeptide solution was pre-
pared as described in Example 2-(2) except that the
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heat-treatment was at 75°C for 20 minutes.

A supernatant obtained by centrifuging the
heated supernatant was subjected to anion ex-
change chromatography using HiTrap Q column
(Pharmacia). The sample was applied to two 5 ml
HiTrap Q columns connected in series. Elution was
carried out using a linear gradient in 20 minutes
from 50 mM MES-NaOH buffer (pH 6.0) to the same
buffer containing 200 mM NaCl at a flow rate of 2
ml/minute. 50 pl of 6 mM 4-MUC solution in 100 mM
MES-NaOH buffer (pH 6.0) was added to 50 pl of
one of the serial dilutions of the respective fractions.
The mixture was reacted at 98°C for 20 minutes.
Fluorescence value was measured at an excitation
wavelength of 355 nm and an emission wavelength
of 460 nm. The 4-MUC-degrading activity was cal-
culated based on the amount of released 4-MU.

The active fraction from the anion exchange
column chromatography was subjected to hydro-
phobic column chromatography using HiTrap Phe-
nyl Sepharose 6 Fast Flow (low sub) (Pharmacia).
Saturated ammonium sulfate was added to the ac-
tive fraction from the anion exchange column chro-
matography to 20% saturation. The mixture was ap-
plied to the hydrophobic column (a volume of 1 ml)
equilibrated with 20% saturation ammonium sul-
fate. Elution was carried out using a linear gradient
in 15 minutes from the MES buffer containing am-
monium sulfate at 20% saturation to the MES buffer
without ammonium sulfate at a flow rate of 1 ml/
minute. A 4-MUC-degrading activity was detected
in a fraction eluted using about 0% saturation am-
monium sulfate.

(10) Determination of specific activity

2 ml of the active fraction from the hydrophobic
column chromatography was desalted by ultrafiltra-
tion, lyophilized and then hydrolyzed in the pres-
ence of gasphase HCI at 135°C for 3 hours. The
hydrolysate was dissolved in 100 pul of water. Anal-
ysis of 50 ul of the solution using an amino acid an-
alyzer (L-8500, Hitachi) revealed that the analyzed
sample contained 3.61 pg of protein. The polypep-
tide corresponding to 60 mU of the 4-MUC-degrad-
ing activity was subjected to the amino acid analy-
sis. Thus, the specific activity was determined to be
17.0 U/mg. The thus obtained purified polypeptide
exhibited physical and chemical properties similar
to those determined in Example 3.

(11) Analysis of N-terminal amino acid sequence

The purified polypeptide prepared in Example
3-(9) was subjected to SDS-polyacrylamide gel
electrophoresis according to a conventional meth-
od. After electrophoresis, the gel was washed in
100 mM succinate buffer (pH 5.8) containing 10 mM
DTT and then reacted in 100 mM succinate buffer
(pH 5.8) containing 1 mM 4-MUC at 60°C for 1 hour.
A fluorescent band was observed when the gel was
irradiated with an ultraviolet ray at 340 nm.
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Proteins contained in the gel was transferred to
a polyvinylidene difluoride (PVDF) membrane ac-
cording to a semidry blotting method. The mem-
brane was stained with Coomassie Brilliant Blue
(CBB). A portion of the PVDF membrane was cut
off. This portion corresponded to a band which ex-
hibited a 4-MUC-degrading activity and which was
stained with CBB. The N-terminal amino acid se-
quence was analyzed using a peptide sequencer.

The sequence of six amino acid residues at the
N-terminus was Glu-Asn-Thr-Thr-Tyr-GIn. Accord-
ingly, it was demonstrated that 28 amino acid resi-
dues at the N-terminus had been removed from the
polypeptide of the present invention expressed in
Escherichia coli.

Example 4

[0073] Production of the polypeptide of the presentin-
vention using Bacillus subtilis

(1) Construction of expression vector for Bacillus
subtilis

A plasmid pNAPS1 as described in WO
97/21823 was constructed, digested with Hindlll
(Takara Shuzo) and subjected to agarose gel elec-
trophoresis. A DNA fragment of about 4.5 Kb con-
taining a replication origin for Bacillus subtilis, a pro-
moter for subtilisin gene and a sequence encoding
secretion signal for subtilisin was extracted and pu-
rified from the agarose gel according to a conven-
tional method. pUC119 (Takara Shuzo) was digest-
ed with Hindlll and dephosphorylated with alkaline
phosphatase. These DNA fragments were ligated
using DNA ligase. Transformation of Escherichia
coli, cultivation of transformants as well as extrac-
tion and purification of plasmids were carried out ac-
cording to conventional methods. A plasmid in
which the 4.5-kb DNA fragment was inserted such
that the lac promoter in pUC119 and the promoter
for subtilisin gene were positioned in opposite di-
rections was selected from the thus obtained plas-
mids and designated as pUC119-BV.

pECEL101 constructed in Example 1 was di-
gested with BamHI and subjected to agarose gel
electrophoresis. A DNA fragment of about 1.5 Kb
which encodes a portion from leucine residue at po-
sition 19 to the termination codon in the open read-
ing frame PH1171 was extracted and purified from
the agarose gel according to a conventional meth-
od. pUC119-BV obtained as described above was
digested with BamHI and subjected to agarose gel
electrophoresis. A DNA fragment of about 4.5 Kb
containing a replication origin for Bacillus subtilis
and the like was extracted and purified from the
agarose gel according to a conventional method.
These DNA fragments were ligated using DNA
ligase. Transformation of Bacillus subtilis DB104,
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cultivation of transformants as well as extraction
and purification of plasmids were carried out ac-
cording to conventional methods.

A plasmid in which the open reading frame
PH1171 was inserted in the same direction as that
of the promoter for subtilisin gene in the vector was
selected from the thus obtained plasmids and des-
ignated as pNCEL101. The plasmid pNCEL101 en-
codes a fusion polypeptide downstream from the
promoter for subtilisin gene which operates consti-
tutively in Bacillus subtilis. In the fusion polypeptide,
a leader sequence of 31 amino acid residues de-
rived from the vector including a secretory signal se-
quence for subtilisin consisting of 29 amino acid
residues at the N-terminus is connected with the
PH1171 starting from leucine residue at position 19.
During the selection of this plasmid, a plasmid in
which the open reading frame PH1171 was inserted
in the opposite direction to the promoter for subtili-
sin gene in the vector and a plasmid resulting from
self-ligation of the vector were obtained and desig-
nated as pNCELOO1 and pNBYV, respectively. These
plasmids were used as vector controls for examin-
ing the expression.

(2) Expression of the polypeptide of the present in-
vention

Bacillus subtilis DB104 transformed with
pNCEL101, pNCELOO1 or pNBV obtained as de-
scribed above was inoculated into LB medium con-
taining 10 ug/ml of kanamycin and cultured aerobi-
cally at 37°C overnight. A CMC-degrading activity
in the culture was measured as described in Exam-
ple 2-(1) using the resulting culture in place of the
cell-free extract.

[0074] Specifically, 50 ul of one of the cultures of Ba-
cillus subtilis transformants and 50 ul of 1% CMC solu-
tion in 100 mM sodium citrate buffer (pH 5.0) were mixed
together, and the mixture was overlaid with mineral oil.
After incubation at 98°C for 60 minutes, the mixture was
centrifuged to recover a supernatant. The reducing pow-
er of the reaction mixture was measured according to
the Park and Johnson method as described in Example
2-(1). The reaction mixture for which the culture of Ba-
cillus subtilis DB104 transformed with pNCEL101 was
used exhibited a clearly higher reducing power than that
of the reaction mixture for which the culture of DB104
transformed with the plasmid pNBV resulting from self-
ligated of the vector was used (control). The CMC-de-
grading activity, which was calculated based a reducing
power determined by subtracting the value for the con-
trol and converting to the amount of corresponding glu-
cose, was 0.63 mU/ml culture. For the plasmid
pNCELO001 in which PH1171 was inserted in the oppo-
site direction, only a reducing power equivalent to that
for pNBV was observed.
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Example 5

[0075] Degradation of paper using the polypeptide of
the present invention

[0076] 25 mg of Kimwipe (Crecia) was cut into pieces
of about 1 mm square. 480 ul of 50 mM MES-NaOH (pH
6.0) and 20 pl of the same buffer or the cell-free extract
from Escherichia coli transformed with pECEL211 pre-
pared in Example 2-(1) were added thereto. The mixture
was reacted at 95°C for 66 hours. 100 pl of acetonitrile
was added to 50 pl of a supernatant obtained by cen-
trifugation. Insoluble substances were removed by cen-
trifugation. The supernatant was evaporated under re-
duced pressure to dryness. The residue was re-dis-
solved in 10 pul of 50% acetonitrile aqueous solution. 1
ul of the solution was subjected to silica gel thin-layer
chromatography as described in Example 2-(2).

[0077] As a result, a spot with the same Rf value as
that for cellobiose was observed only for the sample to
which the cell-free extract from Escherichia coli trans-
formed with pECEL211 was added.

Industrial Applicability

[0078] The present invention provides a polypeptide
having a cellobiohydrolase activity. The polypeptide of
the present invention has high heat resistance and is
capable of efficiently degrade cellulose. Since glucose
can be efficiently produced from cellulose by using the
polypeptide of the present invention in combination with
endoglucanase, exo-1,4--D-glucosidase and 3-D-glu-
cosidase derived from extreme thermophiles, utilization
of cellulose-type biomass is facilitated.

Sequence Listing Free Text
[0079]

SEQ ID NO:3: Designed oligonucleotide primer
designated as 1171FN to amplify a 1.6-kb DNA frag-
ment containing the open reading frame PH1171.
SEQ ID NO:4: Designed oligonucleotide primer
designated as 1171RA to amplify a 1.6-kb DNA
fragment containing the open reading frame
PH1171.

Claims

1. A polypeptide having the amino acid sequence of
SEQ ID NO:1 or an amino acid sequence in which
one or more amino acid residue is deleted, added,
inserted and/or substituted in the amino acid se-
quence of SEQ ID NO:1 and having a cellobiohy-
drolase activity.

2. The polypeptide according to claim 1, which has a
thermostable cellobiohydrolase activity.
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3. A nucleic acid encoding the polypeptide according
to claim 1 or 2.

4. The nucleic acid according to claim 3, which has the
nucleotide sequence of SEQ ID NO:2.

5. Anucleic acid encoding a polypeptide having a cel-
lobiohydrolase activity which is capable of hybridiz-
ing to the nucleic acid according to claim 3 under
stringent conditions.

6. The nucleic acid according to claim 5, which en-
codes a polypeptide having a thermostable cellobi-
ohydrolase activity.

7. Arecombinant DNA containing the nucleic acid ac-
cording to any one of claims 3 to 6.

8. A transformant transformed with the recombinant
DNA according to claim 7.

9. A method for producing the polypeptide according
to claim 1, the method comprising culturing the
transformant according to claim 8 and collecting a
polypeptide having a cellobiohydrolase activity from
the culture.

10. A method for degrading a polymer of D-glucopyran-
ose bonded through B-1,4 bonds, the method com-
prising allowing the polypeptide according to claim
1 or 2 to act on a polymer of D-glucopyranose bond-
ed through 1,4 bonds to release cellobiose.

11. A polypeptide having a cellobiohydrolase activity
and having an inhibition constant Ki of 10 mM or
more for cellobiose.

12. The polypeptide according to claim 11, which re-
tains 20% or more of the cellobiohydrolase activity
after treatment at 95°C for 5 hours.
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